We propose an alternate way to define azimuth binning in Kirchhoff prestack migration. This new definition takes into account the location of the image point in addition to the source and receiver locations. In this manner, we more properly acknowledge the side-scattering component of the propagation path grouping, assigning our contribution to a given azimuthal bin. We find that data binned in this manner provide better focusing of steeply dipping reflectors, fractures and faults when our velocity model is only approximate. We examine the impact of this new imaging approach on mapping karst-altered fractures in Dickman Field, Ness County, Kansas.
. Map view of a seismic survey and imaging using Kirchhoff migration. Energy is excited by the source and scatters from subsurface reflectors and diffractors. In prestack time or depth migration, each subsurface location is a candidate image point. If the travel time from the surface source location to the subsurface image point is t si , and the time from the subsurface image point to the surface receiver group is t ig , then in Kirchhoff migration we add a properly scaled value of the amplitude at time t si + t ig measured at the receiver group to the image point.
In a number of applications, including velocity and/or anisotropy analysis, AVO/AVA and prestack inversion and prestack noise attenuation, the data are not migrated into a single image trace but rather organized into partial images obtained from subsets of the data pertaining to a given value or range of values of some geometrical parameter(s). Figure 2 , the usual choices for binning parameters are offset, measured as the surface distance between source and receiver, and azimuth, similarly taken as the strike of the line connecting the source and receiver. Common-offset binning is the workhorse for velocity analysis, and common-azimuth binning has mostly been used for azimuthal anisotropy analysis. Offset binning is being increasingly used also for VTI anisotropy analysis. seismic data for analysis of azimuthal anisotropy. In this image, the fast P-wave velocity is oriented NE-SW, while the slow P-wave velocity is oriented NW-SE. Traditionally, we azimuthally bin data according to the strike of the line connecting the surface source to the surface receiver, which for flat reflectors, also defines the azimuthal direction of the ray path, denoted by the white arrow which samples a component of the velocity field approximately 30° west from north. However, for energy scattered from faults and fractures, such an assumption is no longer valid, suggesting an alternative binning procedure. In this example, the ray path to and from the image point along the fault or fracture, samples the velocity component approximately 45° east from north as denoted by the black arrow. It is more closely represented by the direction of the sum IS + IG of surface vectors.
As illustrated in
Binning the imaged data into common values of a parameter makes sense as long as that parameter is closely related to the phenomena of interest. Particularly for azimuthal anisotropy analysis, the underlying assumption is that the source-to-receiver azimuth at the surface is representative of the orientation in which the raypath traverses the medium, relative to the symmetry directions of the anisotropy. That orientation determines the extent to which attributes of the imaged data such as traveltime or amplitude are impacted by the anisotropy. Measurements of those attributes as a function of azimuth provide the information necessary for residual velocity analysis as well as to determine anisotropy parameters from the migrated data. In 3D, as shown in Figure 2 , surface azimuth can be a poor representation of subsurface raypath direction, particularly if the surface separation between the image point and the source-receiver line is large. Such large separation is expected in imaging out-of-plane vertical or near-vertical features such as faults and fractures and also for steeply dipping reflectors. We suggest, as presented in Figure 2 , that for such situations the azimuth of the vector IS + IG better represents the propagation direction of the combined raypath, where IS represents the surface vector between source and image point positions and IG is the corresponding vector for the receiver. We believe that prestack migration using this type of binning will provide improved residual velocity analysis and therefore improved analysis of fractureand stress-induced velocity anisotropy. Based on considerations similar to those above an alternate representation for offset and corresponding binning has been suggested that aims for improved velocity analysis of dipping reflectors (Reshef, 1997; 2001) and for anisotropy analysis (Reshef and Roth, 2006) .
Application to field data
We apply our alternate azimuthal binning to prestack imaging of a 3D seismic dataset from the Dickman Field in Ness County, Kansas, U.S.A.. In studies aimed at assessing the potential for CO 2 sequestration in depleted oil reservoirs in the Western Interior Plains (WIP) aquifer system, Nissen et al. (2004) , use poststack seismic attributes from this dataset and production data to characterize dominant directions of fracturing and the influence of karst-modified fractures on fluid flow in the Mississipian member of the WIP. This previous work provides a benchmark to assess the results and impact of the modified azimuthal binning scheme. Attributes computed from azimuthally binned data will hopefully increase the resolution of the observed fracture features and provide further insight and detail in the analysis of fracture direction and in the reservoir characterization. We processed the data twice, initially with a Kirchhoff prestack time migration that implemented conventional azimuthal binning and then with a modified migration algorithm that binned the imaged data into azimuths following the alternate approach described above. Also, in each case we binned the migration into common reflection-angle bins, as opposed to binning into common offsets as usual. This choice of binning allows for a simple and very effective correction for wavelet stretch that increases the effective fold and quality of the stack and the resolution of large-angle imaged data (Perez and Marfurt, 2006a and 2006b) . For both the conventional and modified azimuthal binning, we used an angular grid with eight bins, as illustrated in Figure 3 . We stacked the data from each individual azimuth bin and then computed a suite of seismic attributes on the resulting azimuth-limited stacks.
Figures 4 and 5 compare time slices extracted from most negative curvature attribute volumes computed from various azimuth-limited stacks. These slices approximate the level of the base of the Mississippian aquifer. As opposed to coherencetype attributes, computation of curvature attributes involves long operators so that curvature provides an image of long-wavelength structural features (Chopra and Marfurt, 2006) ; in this area, curvature has been very useful for picking fracture systems, flexures and joints with small or no displacement (Nissen et al., 2004) . Roughly speaking, the images from different azimuthal orientations from the conventionally binned data in Figure 4 provide a similar picture of the curvature features present at this particular level in the subsurface. Specifically, the images from bins 2 through 6 are markedly similar; differences in character for the images in bins 1, 7 and 8 result from relatively poorer quality of the stacked data (not shown) in these bins. These quality differences in turn correspond with a lower fold in those azimuthal directions as dictated by the acquisition geometry. On the other hand, notable differences exist between each of the images for the modified azimuthal binning in Figure 5 . Our main observation is that features best imaged in a given bin are those striking approximately at right angles to the corresponding azimuthal orientation. For instance, the SW-NE trending normal fault that runs through the NW corner of the survey area is detected in bins 7 and 8 that are oriented roughly in the perpendicular SE-NW azimuthal direction; the fault is not readily seen at parallel azimuths in bins 3 and 4. Prior analysis of volumetric curvature extractions from the base of the Mississippian aquifer in Dickman Field suggested that curvature lineaments representing fractures are dominantly oriented SW-NE and NW-SE. The SW-NE-trending lineaments were empirically tied to filled fractures serving as fluid flow barriers, while the NW-SE-trending lineaments were tied to open fractures serving as fluid conduits. Improved imaging of lineaments with these two orientations via modified azimuthal binning has the potential to better define the fracture swarms affecting fluid flow in this field. Regional structure in the Dickman Field area is relatively simple, consisting primarily of a layer-cake geology with a gentle regional dip. Notice that if our geologic model consists simply of an isolated and highly dipping feature such as a fault or lineament, embedded in an approximately flat stack of layers, then as discussed above by Snell's law the sum IS + IG of the source-image point vector and the receiverimage point vector points in direction normal to the fault plane, or normal to the feature's strike orientation. The orientation of the sum vector is our new definition for binning azimuth, so it is consistent with the expectation for this simple model. The modified binning should do a good job of focusing the energy in the proper azimuthal orientation coincident with the strike orientation of the feature being imaged. In the presence of many such features with a variety of orientations, the modified binning should provide distinct images of individual strike regimes.
Discussion
Though it is not shown here, a large portion of the noise in the azimuth-limited stacks shows up in the form of migration artifacts and acquisition footprint that are likely (though we have not fully investigated this) related to aliasing due to limited azimuthal aperture of each binned dataset and/or related to the acquisition geometry. Notably, the apparent direction of the noise in the data with the modified azimuthal binning, examined in time slices, also seems roughly to correspond to an orientation that is parallel to the binned azimuth in each image.
Similar results were obtained with data from the Fort Worth basin in Texas, U.S. (Perez, 2007) . As opposed to the case presented here, a mild regional dip is present in that area and the modified azimuthal binning resulted in focusing of the image from the slightly dipping reflectors in those bins with azimuths approximately perpendicular to the regional strike. Other features like faults, lineaments and coherent noise were also preferentially imaged in azimuths perpendicular to their individual strike. The image focusing and noise separation achieved with the modified binning provide a way to improve the imaging of geologic features whose strike approximately matches the main regional strike. The image from features with different strike orientation, if those features are present, goes into other bins and our capability to detect them depends on our ability to distinguish them from the noise that also occupies that region of the image space. 
Conclusions
We have introduced a new approach for prestack migration of 3D data into common-azimuth bins that takes into account the travel path from source to image point to receiver. Migration with this approach images data into azimuths that more accurately represent the direction of propagation. Specifically, images of reflectors and discontinuities focus into azimuths perpendicular to the strike of the feature of interest. Conventional azimuthal binning based on surface source-receiver azimuth, smears contributions from many such strike directions in any given azimuthal bin. Discrimination into separate orientations in azimuth domain allows for an increased resolution in analysis of geologic features according to their strike direction. Volumetric seismic attributes, such as coherence and curvature, computed in azimuth-limited volumes imaged with this new approach, allow for improved detection and better resolution of features such as faults, associated fractures, and fault zones and in better discrimination of orientation of those features. Integration of the new imaging approach into recently developed workflows that use seismic attributes will positively influence fracture detection and analysis of stress regimes. It should also result in improved azimuthal velocity analysis.
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